In order to check if the observed earlier changes in fluorescence intensities of fluorescein solution due to the addition of colloidal suspension of silver are related to the generation of surface plasmon coupled emission, the steady state photothermal spectra and fluorescence decay times of such samples were measured. The Gaussian components of photoacoustic spectra for solutions with and without silver colloid addition were determined and compared with components of absorption and fluorescence excitation spectra of the same samples. The efficiencies of thermal and radiative deactivation of various samples were discussed. The fluorescence decay times measured at the wavelength of excitation not exhibiting the increase in photonic mode density depend only on the dye concentration. Decays exhibit changes as a result of silver addition with excitation in the region in which enhancement of fluorescence is observed. These changes are due not only to the change in the fluorescence yield generated by interactions with plasmons but also to those in thermal deactivation of the sample related to the colloid presence.
Introduction
Surface plasmon coupled emission (SPCE) effects have been recently applied in investigation of weakly fluorescent biological samples [1] [2] [3] [4] . In SPCE effects the photonic mode density (PMD) of fluorophore located near to the metal surface increases. Such effect can be applied for example for determination of the presence and concentration of metals in river or lake water by comparing the fluorescence yields of the dyed samples with that of the samples of the same dye with additions of known amounts of metal. For ordered samples using polarized light, it is possible to draw information about the sample structure and aggregation [5] .
In our earlier work [6] we have observed an increase in the yield of fluorescence of water solutions of fluorescein with addition of colloidal silver suspension. The nonradiative deactivation efficiency for dye exhibiting SPCE effect is usually the same in the presence and in the absence of metal in the sample [2, 3] . We have to check if this condition is fulfilled for our fluorescein-Ag colloidal samples. If it is fulfilled, with increase in fluorescence yield the fluorescence decay time should be shorter because
where τ -fluorescence decay time, Γ -rate constant of fluorescence, and k nrrate constant of nonradiative deactivation of excitation.
Fluorescein occurs in solutions in several ionic forms [6, 7] . For such sample, the SPCE effect could be different for various forms and can be superimposed with effects generated by other mechanisms. The presence of microemulsions in the sample as well as the change in contents of various ionic forms of the dye can have influence on the yield of the fluorescence of fluorescein and the efficiency of nonradiative deactivation of the samples [1] . When nonradiative deactivation (k nr ) is changed, some other mechanisms must have the influence on the fluorescence decay time [7] [8] [9] . It is easier to observe the surface plasmon effects for a dye exhibiting low yield of radiative deactivation. In the case of fluorescein, exhibiting in solutions very high yield of fluorescence, such observations are more difficult, because global yield of deactivation cannot be higher than unity. The situation is complex because fluorescein can occur in several ionic forms and the presence of a colloid can change the contributions to the fluorescence of these forms [7] . Therefore, changes in the fluorescence intensity observed as a result of silver addition can be caused not only by the dye-plasmons interaction but also by other mechanisms. In order to establish the mechanisms responsible for the increase in the yield of fluorescence of fluorescein reported in our previous paper [6] and to support our supposition that the observed increase in the fluorescence yield could be due, at least partially, to SPCE [1] , in this work we study thermal deactivation of the same systems as well as the fluorescence decay times measured at different wavelengths of excitation.
Materials and methods
Fluorescein was purchased from Sigma-Aldrich Chemie, Germany, colloidal silver particles were produced by Aurum Health Products, Ltd, Great Britain. All measured samples have pH = 8, therefore the contents of various ionic forms of the dye in various samples were similar.
The photoacoustic spectra (PAS) were measured by the typical apparatus described in the Rosenzweig book [10] and our earlier papers [9] . It was a single beam photoacoustic spectrometer constructed in our laboratory [9] . The absorption spectra were taken using Cary 4000 (Varian), whereas the fluorescence excitation and emission spectra were measured by means of a Fluorescence Spectrophotometer F 4500 (Tokio, Hitachi, Japan). Fluorescence spectra were measured at front side configuration in which the reabsorption effect is not very high. But at high concentrations one cannot exclude some low influence of reabsorption on spectra.
Fluorescence decay times were measured by means of the apparatus constructed at the Institute of Physics of N. Copernicus University, Toruń, Poland [11] , or by the apparatus from the Physics Department of Adam Mickiewicz University in Poznań [12] . The PAS spectra were compared with the absorption and excitation spectra. All three types of spectra were decomposed into the Gaussian components belonging to various forms of the dye in order to check if PMD is the same for these forms. The thermal deactivation of fluorescein solutions (TD) with and without Ag (TD 0 ) colloids were established and relative thermal deactivation TD/TD 0 was calculated. The calculations were done twice: taking into account whole areas of PAS and absorption spectra and taking values of these spectra at maxima at 490 nm (Table I) . For a similar set of samples the relative yields of fluorescence were calculated.
Results

Absorption spectrum of Ag colloid at concentration about 10
−4 M is shown in Fig. 1 . It is known that the position of the absorption of band of Ag colloid depends on the size and shape of particles [13] . As follows from the picture taken under an electron microscope of the colloids applied in our works [14] , the colloid particles exhibit different sizes. As a result, broad flat absorption band in the region 350-600 nm (Fig. 1) is observed. It is not excluded that colloid particles of different size which contain different amounts of Ag nanocrystals could exhibit different efficiency of SPCE. The colloid absorption is much lower than that of fluorescein (Fig. 2) , also the light scattering on the colloid particles in used experimental configuration can be neglected in analysis of the fluorescence spectra [6, 14] . The set of typical absorption, PAS and fluorescence excitation spectra measured for one of the used dye and colloid concentrations, decomposed into two Gaussian components, are shown in Fig. 2 . One Gaussian component, with maximum at 460 nm, is related predominantly to the acidic form of the dye, and the higher one, with maximum at about 490 nm, is due predominantly to the alkaline form. As it follows from Fig. 2C and D the colloid addition changes the ratio of the area of those two components of TD. The analogous changes in the absorption ( Fig. 2A and B ) and fluorescence excitation spectra ( Fig. 2E and F) are much lower.
On the basis of such spectra the relative values of thermal deactivations for the sample with colloid to that without colloid (TD/TD 0 , Table I ) as well as the relative yields of fluorescence and fluorescence decay times (Table II) accuracy of these values, showing the influence of silver colloid addition on those ratios. Relative thermal deactivation, in both cases, calculated from areas of bands and from their maxima, decreases with the increase in Ag amount (Table I ). This decrease is stronger for the band areas than for the 490 nm maximum. The changes in thermal deactivation, according to formula (1), should have the influence on the fluorescence decay times (Table II) reducing their values with the increase in the fluorescence yield. As it follows from Table II, the decay times are almost independent of the amounts of the colloid added at the excitation at 421 nm at which the yield of fluorescence is not increasing. At this wavelength the colloid absorption is lower than at 460 nm and 490 nm. In this short wavelengths region, the τ measured depends predominantly on the dye concentration, increasing slightly for higher amounts of fluorescein (Fig. 3) . For 488 nm and 457.9 nm wavelengths of excitation the changes in τ /τ 0 value depend strongly on dye and colloid concentrations. For some samples the increase in φ/φ 0 is followed by the decrease in τ /τ 0 , as it is expected from SPCE effect. For other combinations such regular dependence is not observed. Strong dependence on dye and colloid concentration suggests not uniform distribution of dye molecules in the sample. It is possible that concentration of dye near to the colloid surface can be higher than in the whole sample. At very high dye concentrations, the part of dye molecules may not be located near to the colloid surface and therefore they do not exhibit the increase in fluorescence intensity. The decrease in τ and increase in fluorescence yield strongly suggests the interactions of the dye with plasmons.
Conclusions
The enhancement of the fluorescence intensity of fluorescein in the presence of a colloid containing Ag nanocrystals is not very high but measurable at some wavelengths and concentrations. The changes in the contents of various dye forms and in TD of the sample, both related to the colloid presence, make the quantitative analysis of plasmon influence complicated. It is possible that SPCE effect depends on the dimension of the colloidal particles, because the interactions between Ag nanocrystals and dye molecules could be not the same, for different colloidal particles. It is suggested by various enhancement of fluorescence and changes in fluorescence decay times observed at different excitation wavelengths, related to absorption of colloid of different sizes.
